Abstract. Highly homogeneous arrays of Ag, Au and Cu nanorods were fabricated on glass substrates using electron-beam lithography and lift-off techniques. Optical properties of the fabricated structures related to localized surface plasmons (LSP), and their dependencies on the nanorod size were studied experimentally by optical extinction spectroscopy. Spectral tuning of LSP resonant scattering bands in a wide spectral range, from visible to near-infrared wavelengths, can be accomplished by tailoring of the nanorod dimensions, aspect ratios, and heights. The observed results qualitatively agree with Gans theory and numerical modeling by finite-difference time-domain technique.
It is obvious from Fig. 1 that shapes of the nanoparticles seen in the top-view images differ from ideal rectangles in the x-y plane. Random irregularity of the nanoparticles'edges, and rounding of their corners with a radius of about 25 nm are the most notable deviations from the design shapes. In general, average lateral dimensions of the nanorods are also slightly different from the design valued. Nevertheless, these distortions are relatively moderate, and do not affect the optical LSP response significantly. Earlier we have conducted a thorough analysis of gold nanorods fabricated using the same approach, and found their dimensions to deviate within the range of about 2 nm from the design values [25] . Thus the above distortions should not affect our spectral observations significantly. Regarding the variations in the structure height, h, examination of the top surface of gold nanoparticles was conducted using Atomic-Force Microscopy (AFM) and has shown that both the structure height deviations and average surface roughness were within 1-2 nm range.
The dependence of plasmonic properties of the structures on the parameters w, l, h, and R was assessed by measuring optical extinction spectra of the samples in transmission geometry. For this purpose a Fourier-transform infrared (FT-IR) spectrometer equipped with infrared microscope attachment (FT-IR, IRT-3000, Jasco), operating in the wavelength range of 660-4000 nm, was used. The use of microscope attachment enabled sampling of areas with typical size of (20 × 20) µm 2 comprising at least 1000 nanoparticles. The microscope uses a pair of confocal Cassegrainian reflection objectives with conical acceptance range of 16-32º with respect to their optical axis. During the measurements the substrates were oriented perpendicular to the optical axis.
In addition to experimental studies, the fabricated samples and their LSP responses were characterized and interpreted theoretically. The simplest approach used was analytical Gans theory [28] , which has become is a classical tool for interpretation of LSP properties of elongated nanoparticles having ellipsoidal (and similar) shapes. Strictly speaking, Gans theory only applicable to small nanoparticles whose dimensions do not exceed a few tens of nanometers, and the LSP resonance wavelength depends on the aspect ratio, but not on the absolute dimensions. Nevertheless, Gans theory is qualitatively suitable for understanding plasmonic properties of larger nanoparticles as well [26] . A more accurate tool used in this study for theoretical characterization is numerical modeling of inelastic light scattering by nanoparticles using the FDTD technique. FDTD modeling is based on a straightforward solution of Maxwell's equations on a discrete spatio-temporal mesh. Maxwell's equations give accurate description of various classical optical phenomena, provided that discretization step is small enough, and properties of the nanoparticles are described correctly and in sufficient detail. The calculations were performed using FDTD software from Lumerical, Inc. Equations using a grid with variable discretization step (within the range from 1.5 to 5 nm), by launching a short, spectrally broad optical pulse along the z-axis direction, perpendicular to the substrate. Along this direction, perfectly-matched layer (PML) conditions were imposed at the boundaries of the FDTD domain. Along the boundaries on the x-y plane, periodic boundary conditions were imposed. The FDTD domain comprised a single nanoparticle (or a pair of identical nanoparticles), whose footprint size and height were assumed to coincide with the design (in some cases, to actual) parameters of the nanoparticles. The nanoparticles were placed on a thick substrate whose dielectric properties are described by a spectrally constant refractive index n = 1.47, matching that of a silica glass substrate. The dispersion of dielectric properties of metals was described using plasma approximation, and the values of parameters known from the literature [29, 30] . The calculations enabled to obtain optical extinction spectra and spatial maps of plasmonic near-field from the same calculation. 3 , other aspect ratios are obtained by changing both w and l, and maintaining constant footprint area (w × l). In all samples distance between the nearest rods is constant at 100 nm. The imaging was done using light polarized perpendicularly with respect to rod elongation.
PLASMONIC PROPERTIES OF METALLIC NANOSTRUCTURES

Arrays of nanorods
This study focuses on the dependence of the spectral position of LSP resonances on the size and aspect ratio of the nanorods. Spectral tuning of the LSP via structural tailoring is crucial for obtaining plasmonic response at the required wavelength. This task can be efficiently performed in elongated nanoparticles, which are known to sustain so-called shape resonances [31, 32] . Shape-dependent LSP modes can be selectively excited by linearly polarized optical radiation, either parallel to the elongation, or perpendicular to it. The corresponding plasmon modes are called longitudinal plasmons (LP), and transverse plasmons (TP), respectively. Resonances for LP modes occur at longer wavelengths than for TP modes. This fact reflects the general dependency of the resonance wavelength on the dimensions of the nanoparticles along the polarization direction: larger dimensions lead to longer wavelength and vice versa. As a further consequence of this rough scaling law, the resonance wavelengths of both LP and TP modes roughly scale with absolute dimensions of the nanoparticles along the corresponding directions. This scaling applies to relatively large nanoparticles having dimensions larger than a few tens of nanometers.
For the nanorods fabricated in this study, the scaling can be illustrated by Fig. 2 , which shows that areas occupied by Ag nanorods exhibit different colors for different values of aspect ratio R, which is varied from 1 to 7 (for other details see caption of the Figure) . Variation in the aspect ratio is achieved by changing the dimensions w and l, and leads to the color change from blue to red (the color saturation also decreases notably, but this happens due to the decrease in the average density of the nanorods). Optical transmission spectra measured in these areas are shown in the same Figure. Each spectrum is dominated by an attenuation band at wavelengths well above the plasma wavelength in Ag (λ p = 135 nm); the attenuation band exhibits a red-shift with R. The attenuation occurs due to elastic light scattering associated with nanoparticle plasmons, rather than absorption Uniform color and density of the optical images can serve as an evidence of high homogeneity of the fabricated structures. Figure 3 shows experimental extinction spectra for LP and TP modes in silver and cupper nanorods with different aspect ratios. The design dimensions of the nanorods are given in the caption. Extinction spectra for identical gold nanorods can be found in our recent publication [24] . As can be seen, for both metals L modes exhibit a red-shift, while T modes exhibit a weaker blue-shift with aspect ratio. Nanorods of both metals exhibit similar behavior; however due to different conditions for plasma oscillations (compared to Ag) and stronger electronic damping, extinction in copper nanorods is weaker and its peaks occur at longer wavelengths than in silver.
The observed behavior is summarized in Fig. 4 , where wavelength of the experimental peaks, λ max , is plotted against the aspect ratio. This figure also includes the positions of extinction maxima calculated according to Gans theory [28] . Practical application of this method for rectangular and cylindrical nanorods is outlined in the existing literature [23, 26, 33] . For the estimates, dielectric constant of the environment ε m = 1.16 was assumed in order to account for the glass substrate adjacent to one of the six side walls of the nanorods. Dielectric parameters of silver were taken from the available literature [29, 30] : dielectric permittivity ε ∞ = 4.2, and plasma frequency ω p = 1.6 x 10 16 s -1 . The calculated dependencies exhibit the same qualitative behavior as experimental ones. However, the estimated peak wavelengths are by 20 to 40% shorter than experimental ones. The discrepancy between these data is most likely due to the large dimensions of nanorods, which leads to excitation of multipolar plasmon modes and, strictly speaking, invalidates Gans theory. This conclusion can be supported by the experimentally verified fact that for both L and T modes λmax in our structures depends on the absolute dimensions of the nanorods. According to Gans theory, the . Data points for gold were obtained from our earlier publication [20] . Theoretical dependencies according to Gans theory for silver nanorods are also given.
extinction is only dependent on the aspect ratio and not on the absolute dimensions. Nevertheless, Gans theory in many cases can be adapted for larger nanoparticles, for example by using empirically adjustable parameters, such as effective dielectric function of metals and surrounding dielectrics. Numerical FDTD modeling is unconstrained by the limitations of Gans theory, and in many cases can provide a more accurate description. Figure 5 shows volume dependence of LSP resonances for all three kinds of metal. The nanorod volume was varied by proportionally scaling both w and l, i.e., maintaining a fixed aspect ratio R. Nanorods of three different volumes, described by the scaling factors of 1, 2.25, and 4, as illustrated by the sketch in the same Figure. Although the plot may appear confusing due to overlaps between different data sets, a closer examination of panels (a) and (b) shows that for all metals and aspect ratios, peak wavelengths of L and T modes increase with volume. This result can be indeed expected for nanorods whose dimensions exceed a few tens of nanometers, and frequencies of LSP modes scale not only with aspect ratio, but also with absolute dimensions.
Next we examine influence of the nanorod height h on the plasmonic properties of nanorods. The fabrication technique used in this study presents an excellent opportunity to vary the height with high accuracy. For this purpose, structures of the same aspect ratios as before, and having heights of h = 20, 40, 60, and 100 nm were fabricated. Figure 6 summarizes the data for gold structures. Extinction spectra for L modes exhibit a blue-shift with h in Fig. 6(a) . An opposite trend is seen for T modes (not shown). Figure 6 (b) shows theoretical extinction spectra obtained for the same structures as in Fig. 6(a) by FDTD technique. As can be seen, the calculated spectra show a good agreement with experimental ones on a qualitative level. The agreement can be improved further, possibly even to a quantitative level, by accounting for the random variation of the nanorods' sizes and shapes, as well as the spread of incidence angles present in the probing optical beam during the transmission measurements. with aspect ratio for L(T) modes. Interestingly, the dependencies versus nanorod height h at a fixed aspect ratio R exhibit an opposite trend: L modes have a blue shift and T-modes have a red shift. Essentially the same behavior of the extinction peaks was also observed in silver and copper nanorods, but at slightly different wavelengths.
These observations show that changes in the aspect ratio, R, or height, h, of the nanorods lead to spectral shifts of opposite sign for longitudinal and transverse modes, i.e., L and T peaks exhibit red and blue shifts, respectively. On the other hand, increase in the nanorod volume at a constant aspect ratio leads to a red shift for T and L modes. The size and aspect ratio of the nanorods fabricated in this work ensure that L modes peak at IR wavelengths, whereas T modes peak at visible wavelengths. It seems therefore possible to establish empirical dependencies between the structural parameters of nanorods and their plasmonic properties. Such dependencies would be very helpful during the design of metallic nanostructures.
Arrays of nanorod pairs
The samples described above consist of nanorods separated by distances large enough to prevent formation of collective plasmonic modes. Currently, structures consisting of closelyspaced nanoparticles which interact strongly via plasmonic near-field, have attracted a significant interest. Due to these interactions, collective LSP modes may arise. it is very important to be able to recognize these modes from optical extinction spectra. Collective plasmonic effects can be employed in sub-wavelength waveguides [34, 35] , antennae [13] , and for enhancement of the near-field intensity in nanoscale spatial regions [27, 36] . The key advantage of collective plasmonic modes is their high degree of field localization and intensity enhancement, which are highly sought features in nanoscale nonlinear optics applications, including optical harmonic and broadband continuum generation, nonlinear photoluminescence, and surface-enhanced Raman scattering. In this section we study one of the simplest systems of interacting plasmonic nanoparticles, namely pairs of nanorods, aligned in the direction of their elongation (parallel to y-axis) and separated by a gap, which is defined as a distance between the nearest tips of the nanorods. SEM images of samples comprised of nanorod pairs are shown in Fig. 7 . Below we focus on the role of nanogap width on the plasmonic properties of nanorod pairs. Figure 8(a) shows the extinction spectra of samples in which silver nanorods have size of (77 × 282 × 50) nm 3 (R = 3.7), and the gap width varies from 27 to 104 nm. The overall spectral interval in which plasmonic extinction peaks are observed is close to what can be expected for isolated nanorods of the same size. The peaks of L-modes occur near the wavelength of 1160 nm, and exhibit a small but notable blue shift with increasing gap width. At a first glance the spectra for T modes appear to be independent of the gap width, with λmax ≈ 490 nm. However, closer examination of these spectra reveals a slight blue shift with gap width. Dependence of the extinction peaks versus the gap width is shown in Fig. 8(b) for structures fabricated in silver and gold. Taking as an example of L modes extinction in gold structures, one can see that their peaks are weakly dependent on the gap width (λ max ≈ 1170 nm) for gaps narrower than 30 nm. The same applies to structures with gaps wider than 100 nm, except that their peaks occur near a shorter wavelength of 1050 nm. For intermediate gap widths, a smooth transition between these quasi-stable spectral positions occurs. We can explain these observations on a qualitative level as follows. At small gap widths strong electrodynamic coupling between the free carriers in both nanorods leads to their collective oscillations and formation of a collective L mode whose average energy is lowered due to the coupling. At large gap widths coupling between the rods is negligible and L mode energy increases towards that of a single nanorod. Consequently, we observe a transition between these cases at intermediate gap widths. Experimental peaks of T modes behave exactly opposite from those of L modes, i.e., they exhibit a blue shift. Such modification can be explained within our qualitative model by assumption that at small gap widths, strong interactions in pairs of nanorods increase the effective pair length (the length would double in the limit of vanishing gap). The aspect ratio dependencies of λmax for non-interacting nanorods described in the previous Section have indicated that increase in the aspect ratio is accompanied by a blue shift of T modes. Hence, the blue shift of T modes with increasing gap width is a manifestation of generally anticorrelated behavior of L and T modes.
The same behavior was also found in silver structures, except that their peak scattering occurs at wavelengths shorter by approximately 70 nm compared to equivalent gold structures. This difference is due to different frequencies at which real part of the dielectric constant in the respective bulk metal becomes zero [29] .
Gap width-dependent plasmonic properties of pairs of gold nanorods were analyzed theoretically using FDTD technique. The calculations were done for model structures whose physical and geometrical parameters were assumed to be close to those of the actual ones. Figure 9 (a) shows calculated extinction spectra for L-modes in pairs of silver nanorods with 40, 80, and 12 nm wide gaps. The calculated extinction peaks have shapes and peak energies similar to those of experimental ones. Variation of their spectral position with increasing gap width (blue-shift from 1030 to 970 nm) roughly reproduces the experimental behavior (blueshift from 1130 to 1105 nm). Disagreements between the calculated and experimental data can be explained by factors that were not accurately accounted for during the calculations. These factors include random variations in the nanorod size and shape, their unintentional contamination by minute quantities of atmospheric agents (for example, moisture particles that could modify the local refractive index), and the existence of finite angular ranges for incident probing and collected scattered radiation during the measurements which used infrared Cassegrainian objectives for imaging. It is well-known that plasmonic extinction spectra are fairly sensitive to these factors. Thus a wavelength mismatch by about 100 nm between the experimental and calculated features should not be too surprising.
It is important to examine the plasmonic near-field distribution and intensity enhancement around the nanorods and in the gaps between them. Experimental monitoring of plasmonic near-field, though possible in principle, still remains a challenge [37] . Some insight into these properties can be gained from theoretical calculations using FDTD technique. Figure 9(b) shows the spatial maps of plasmonic field enhancement factor calculated on a 2D x-y plane cutting trough half-height of nanorods. The enhancement factor is defined as a ratio between the local field intensity on the examined plane, and intensity of the incident wave. The spatial maps depicted in the Figure were extracted from the same calculations as those used for obtaining scattering spectra in Fig. 9(a) . The wavelength at which spatial maps were retrieved corresponded to peak scattering in each spectrum.
For pairs having the narrowest gap of 40 nm, near-field of the L-modes is predominantly concentrated in the gap, where its intensity becomes enhanced due to localization by the maximum factor of 145. Besides the "bright" gap region, one can notice lower-intensity patterns around each nanorod. These patterns are reminiscent of the near-field patterns around half-wavelength dipole antennae (notice, that total length of the nanorod pair in our samples constitutes approximately λmax/2 for L modes). For samples with wider gaps (80 and 120 nm), field enhancement in the gap becomes weaker with maxima at 87 and 72, respectively. In the two latter structures strongest enhancement is reached near the sharp corners of nanorods rather than in the nanogap. The antennae-like field patterns now dominate the spatial maps. Returning to the data in Fig. 8 , one can tentatively assign the first of the calculated field patterns to structures having gaps narrower than approximately 30-40 nm. The second, and especially the third of the calculated field patterns correspond to structures with gaps of about 80-100 nm or wider, in which nanorod pairs become essentially non-interacting. This behavior is qualitatively similar to that reported for optical resonant nanoantennae consisting of pairs of nanorods [38] [39] [40] .
CONCLUSIONS
We have presented experimental and theoretical studies of the plasmonic optical properties of parallelepiped-shaped silver, gold and copper nanorods fabricated with high resolution by EBL and lift-off techniques. Optical characterization by extinction spectroscopy was performed on nanorod structures having different lateral dimensions, aspect ratio, height, and volume. Variations in the spectral properties of LSP modes versus the structural parameters mentioned above were obtained. These dependencies were qualitatively interpreted using analytical Gans theory and numerical FDTD calculations. In addition, collective plasmonic response of closely-spaced nanorod pairs was investigated. Plasmonic near-field enhancement factor of about 150 was estimated from theoretically FDTD calculations. The obtained data indicates high potential of the fabrication techniques employed in this work for the preparation of functional plasmonic devices. In addition, collective plasmonic response of closely-spaced nanorod pairs was investigated. Plasmonic near-field enhancement factor of about 150 was estimated from theoretically FDTD calculations. In the future similar studies can be extended to structures comprised of more complex-shaped nanoparticles. 
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